
Bcl-2 decreases the free Ca21 concentration within
the endoplasmic reticulum
Reyhaneh Foyouzi-Youssefi*†, Serge Arnaudeau§, Christoph Borner¶, William L. Kelley†, Jürg Tschoppi, Daniel P. Lew†,
Nicolas Demaurex§, and Karl-Heinz Krause*

Departments of *Geriatrics and §Physiology and †Division of Infectious Diseases, Geneva Medical School, 1211 Geneva 14, Switzerland; iInstitute of
Biochemistry, University of Lausanne, 1066 Epalinges, Switzerland; and ¶Institute of Biochemistry, University of Fribourg, 1700 Fribourg, Switzerland

Edited by Thomas P. Stossel, Harvard Medical School, Boston MA, and approved March 3, 2000 (received for review August 18, 1999)

The antiapoptotic protein Bcl-2 localizes not only to mitochondria
but also to the endoplasmic reticulum (ER). However, the function
of Bcl-2 at the level of the ER is poorly understood. In this study,
we have investigated the effects of Bcl-2 expression on Ca21

storage and release by the ER. The expression of Bcl-2 decreased
the amount of Ca21 that could be released from intracellular stores,
regardless of the mode of store depletion, the cell type, or the
species from which Bcl-2 was derived. Bcl-2 also decreased cellular
Ca21 store content in the presence of mitochondrial inhibitors,
suggesting that its effects were not mediated through mitochon-
drial Ca21 uptake. Direct measurements with ER-targeted Ca21-
sensitive fluorescent ‘‘cameleon’’ proteins revealed that Bcl-2 de-
creased the free Ca21 concentration within the lumen of the ER,
[Ca21]ER. Analysis of the kinetics of Ca21 store depletion in re-
sponse to the Ca21-ATPase inhibitor thapsigargin revealed that
Bcl-2 increased the permeability of the ER membrane. These results
suggest that Bcl-2 decreases the free Ca21 concentration within the
ER lumen by increasing the Ca21 permeability of the ER membrane.
The increased ER Ca21 permeability conferred by Bcl-2 would be
compatible with an ion channel function of Bcl-2 at the level of the
ER membrane.

The protooncogene Bcl-2 protects cells against apoptosis (1).
Morphological and biochemical studies demonstrate that

Bcl-2 has two major intracellular localizations (2–5): (i) mito-
chondria and (ii) the endoplasmic reticulum (ER). Mitochondria
have received major attention as organelles involved in apopto-
sis. However, Bcl-2 not only prevents the mitochondrial perme-
ability switch and the subsequent release of cytochrome c (6–8),
but also inhibits apoptosis in response to microinjected cyto-
chrome c (9, 10). This finding suggests that Bcl-2 inhibits
apoptotic mechanisms downstream of cytochrome c, possibly at
the level of the ER. Consistent with this hypothesis, a recent
study demonstrated that ER-targeted Bcl-2 was able to inhibit
apoptosis induced by Myc in a rat fibroblast cell line (11).

The ER plays a prominent role in intracellular Ca21 ho-
meostasis. It regulates not only the [Ca21] within its lumen
([Ca21]ER), but also the cytosolic [Ca21] ([Ca21]c) (12, 13) and
the Ca21 permeability of the plasma membrane (store-operated
Ca21 influx) (14, 15). The function of Bcl-2 at the ER is only
poorly understood. However, several arguments point toward
the possibility that Bcl-2 might alter ER ionic homeostasis: (i)
the three-dimensional structure of Bcl-2-related proteins is
reminiscent of pore-forming bacterial toxins (16, 17), (ii) Bcl-2
can function as an ion channel in artificial lipid bilayers (18–21),
and (iii) alteration of cellular Ca21 signaling by Bcl-2, compatible
with altered ER Ca21 homeostasis, has been reported in several
studies (22–25).

In this study, we have investigated the effect of Bcl-2 on (i) the
regulation of [Ca21]c by ER Ca21 stores and (ii) the Ca21

concentration within the ER, [Ca21]ER. Our studies demonstrate
that Bcl-2 decreases [Ca21]ER, possibly reflecting the insertion of
Bcl-2 ion channels in the ER membrane.

Materials and Methods
Materials. The monoclonal anti-human Bcl-2 (hBcl-2) Ab was
from Santa Cruz Biotechnology, and polyclonal anti-hBcl-2 or

anti-mouse Bcl-2 (mBcl-2) from Calbiochem. The enhanced
chemiluminescence (ECL) detection system was purchased from
Amersham Pharmacia. Transfast transfection reagent was pur-
chased from Promega. All other chemicals were of analytical
grade and were obtained from Sigma, Merck, Fluka, Molecular
Probes, Dako, and Millipore.

Buffers. The medium referred to as Ca21 medium contained 143
mM NaCl, 6 mM KCl, 1 mM CaCl2, 1 mM MgSO4; 0.1% glucose,
and 20 mM Hepes (pH 7.4). The Ca21-free medium had the
same ionic composition; however, CaCl2 was omitted and re-
placed with 0.1 mM EGTA. For ER Ca21 measurements, a
slightly different ionic composition was used: the Ca21 medium
contained 140 mM NaCl, 5.6 mM KCl, 1 mM MgCl2, 1 mM
CaCl2, 11 mM glucose, and 10 mM Hepes (pH 7.4), and the
Ca21-free medium contained no CaCl2, but 0.5 mM EGTA.
When DMSO was used as a drug solvent, the final concentration
in the recording medium did not exceed 0.1%.

Bcl-2-Expressing Cell Lines. Mouse lymphoma A20 cells, stably
expressing hBcl-2ypMV12 plasmid or control vector pMV12
(26), and rat embryo R6 fibroblasts, expressing hBcl-2ypcDNA3
plasmid, mBcl-2ypMV12 plasmid or control vector pcDNA3
(27), were cultured as described.

Transient Transfection. Human embryonic kidney (HEK)-293 cells
('200,000) were plated on 25-mm glass coverslips and, after
reaching 60% confluence, transiently transfected with the cDNA
encoding Cam4-ER by using calcium phosphate for HEK cells
and Transfast for R6 cells. The transient cotransfection was
performed at 10:1 Bcl-2 to Cam4-ER ratio to ensure expression
of Bcl-2 in the Cam4-ER-labeled cells. Under these conditions,
the Bcl-2 protein was efficiently expressed (Fig. 1B) and, as
expected from the 10:1 ratio, all Cam4-ER-expressing cells were
positive for Bcl-2, as assessed by fluorescence imaging (Fig.
1 C–F). 47% of the hBcl-2-positive cells expressed Cam-4ER
(n 5 112).

Immunoblotting and immunochemistry were performed ac-
cording to standard methods (28, 29).

Measurement of [Ca21]c in Intact Cells. [Ca21]c was measured with
the fluorescent Ca21 indicator fura-2 acetoxymethyl ester (fura-
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2-AM) under conditions that minimize fura-2 compartmental-
ization as described by Mery et al. (28). Fura-2-loaded cells were
kept in Ca21 medium; before the fluorimetric measurement, an
aliquot of 2 3 106 cells was centrifuged for 1 min, resuspended
in a Ca21-free medium, and used immediately for the recording.
The amount of cytosolic versus compartmentalized fura-2 was
directly measured by exposing fura-2-loaded cells to 25 mM
digitonin (which permeabilizes the plasma membrane, but not
the membrane of intracellular organelles) and measuring the
amount of digitonin-releasable fura-2. The fluorescence de-
crease in response to digitonin (i.e., the release of fura-2) as
assessed by fluorescence imaging was 94.9 6 2% and 94.7 6
0.6% of total f luorescence in A20 control and A20-Bcl-2-
expressing cells, respectively (n 5 29).

[Ca21 ]ER Measurements. [Ca21]ER was measured by dual-emission
ratio imaging by using the ER-targeted ‘‘cameleon’’ f luorescent
protein Cam-4ER, as described by Miyawaki et al. (30). Three to
4 days after transfection, coverslips were inserted into a super-
fusion chamber (Medical System, Greenvale, NY) equipped with
gravity-feed inlets and vacuum outlet for solution changes. Cells
were imaged at 37°C on a Zeiss axiovert S100 TV equipped for
epif luorescence microscopy, by using a 3100, 1.3 NA oil-
immersion objective (Zeiss), 430 6 6 nm excitation (DeltaRam
monochromator, Photon Technology International, Princeton),
a 455DRLP dichroic mirror, and two emission filters (475DF15

and 535DF25, Omega Optical, Glen Spectra, Middlesex, U.K.)
alternated by a filterwheel (Ludl Electronic Products, Hawthorn,
NY). Images were acquired on a 12-bit, cooled charge-coupled
device (CCD) interlined camera (Visicam, Visitron System,
Puchheim, Germany) controlled by the MetamorphyMetafluor
3.5 software (Universal Imaging, West Chester, PA), and stored
on optical disks (Fujitsu, Europe, Middlesex, U.K.) for later
analysis and archiving. After background subtraction, the Cam-
4ER fluorescence ratio R (535y475 nm) was calibrated in [Ca21]
by using the equation: [Ca21] 5 K9d [(R 2 (Rmin 1 14y100 3
(Rmax 2 Rmin))y(Rmax 2 R)](1/n), where Rmax 5 ratio obtained in
presence of 10 mM ionomycin and 20 mM CaCl2, Rmin 5 ratio
obtained in presence of 10 mM ionomycin and 20 mM EGTA,
K9d 5 292 mM, the apparent dissociation constant, and n 5 0.60,
the Hill coefficient of the fitted Ca21 calibration curve. This
curve was obtained in situ on HEK-293 cells expressing Cam-
4-ER, permeabilized with ionomycin (10 mM) and digitonin (5
mgyml) and incubated with different Ca21-containing solutions
buffered with 5 mM EGTA and 5 mM HEEDTA (N-
hydroxyethyl-ethylendiamine triacetic acid) below 100 mM free
Ca21 calculated according to Bers et al. (31).

pH Measurements. Cells were transfected and imaged as described
above by using 480 6 10 nm excitation, 535 6 22.5 nm emission,
and a 505DRLP dichroic mirror to selectively record at the
pH-sensitive enhanced yellow fluorescent protein (EYFP) flu-
orescence of the cameleon molecule (32). Calibration was per-
formed by using the K1yH1 ionophore nigericin (10 mM) in high
KCl solutions buffered to pH 6.3 and 7.6 with 20 mM Mes or
Hepes, respectively.

Results
It was the aim of this study to investigate the effect of the
protooncogene Bcl-2 on the regulation of cellular Ca21 ho-
meostasis by ER-type Ca21 stores. As cellular models we used (i)
mouse B lymphoma cells A20, which were retrovirally trans-
duced with hBcl-2; (ii) R6 rat embryo fibroblasts transduced
retrovirally with mouse or stably transfected with hBcl-2; and
(iii) HEK-293, transiently transfected with hBcl-2. Control cells
were transduced or transfected with the empty vector (control).
Bcl-2 was efficiently expressed in Bcl-2-transfected cells (but not
in control cells) as shown by Western blotting of R6 cells and
HEK-293 cells (Fig. 1 A and B), as well as A20 cells (J.T. and
M. Schroter, unpublished observation).

Bcl-2 Reduces the Amount of Ca21 That Can Be Released from
Intracellular Stores. As a first approach to study the amount of
Ca21 contained within ER-type Ca21 stores, we used thapsigar-
gin (TG), an inhibitor of the ER Ca21-ATPase (33, 34). As
shown in Fig. 2, the addition of TG to control A20 cells in a
Ca21-free medium led to an increase in [Ca21]c, reflecting the
release of Ca21 from the ER. In Bcl-2-transfected cells, the
amplitude of the TG-induced Ca21 release was markedly re-
duced (Fig. 2 A). Similarly, as shown in Fig. 2 C and D, [Ca21]c
elevations in response to ionomycin were markedly diminished
in Bcl-2-transfected cells compared with control cells. Thus, our
results clearly demonstrate reduced [Ca21]c elevations in re-
sponse to Ca21-mobilizing agonists in Bcl-2-expressing cells.
However, there are contradictory results in the literature (see
also Introduction and Discussion). We therefore investigated
whether our observations also apply to other cell types and to
Bcl-2 derived from other species. Similar to the observations in
A20 cells, TG-induced Ca21 release from R6 cells (rat embryo
fibroblasts) was markedly reduced through the expression of
either hBcl-2 or mBcl-2 (Fig. 2 E and F). Thus, the Bcl-2-induced
reduction of Ca21 store content can be observed in different cell
lines and with Bcl-2 from different species.

Fig. 1. Western blot and immunofluorescence analysis of Bcl-2 expression in
transfected cells. Western blot of control, mBcl-2, and hBcl-2-expressing R6 rat
embryo fibroblasts (A) or HEK-293 cells (B). (C–F) Fluorescence imaging anal-
ysis of Bcl-2 expression in HEK-293 cells, transiently cotransfected with the
hBcl-2 (or control vector) and with ER-targeted cameleon (Cam4-ER). (C)
Cam4-ER fluorescence. (D) Bcl-2 immunofluorescence. (E) Pseudocolored and
merged images of the cells (yellow 5 colocalization). (F) Differential interfer-
ence contrast Nomarski image of the cells.

5724 u www.pnas.org Foyouzi-Youssefi et al.



Bcl-2 Decreases the Free Ca21 Concentration Within the ER. We next
investigated the free Ca21 concentration within the ER
([Ca21]ER) in control and Bcl-2-transfected cells. To measure
[Ca21]ER, we transiently transfected cells with an ER-targeted
Ca21-sensitive fluorescent protein cameleon (30). We studied
[Ca21]ER in R6 stably expressing hBcl-2 and mBcl-2 (we were not
able to obtain satisfactory expression of cameleon in A20 cells).
To exclude that the observed effects were a reaction to long-term
expression of Bcl-2 in a cell line, rather than an acute effect of
Bcl-2, we also performed transient transfection experiments. For
this purpose, we cotransfected HEK-293 cells with Bcl-2 and
ER-targeted cameleon. As shown in Fig. 3C, the effect of Bcl-2
was identical in transiently and in stably transfected cells;
namely, there was a marked decrease in [Ca21]ER.

Fig. 3A shows images from cameleon-expressing HEK-293
cells. The two upper panels show single wavelength recording to
document the subcellular localization of cameleon: as expected
for ER-targeted cameleon, a fluorescence pattern typical for an
ER localization was observed in both control and Bcl-2-
transfected cells. The two lower panels show ratiometric record-
ings to measure the [Ca21]ER. The pseudocolor representation
demonstrates the lower [Ca21]ER in the Bcl-2-expressing cells.
Note also the marked decrease of fluorescence ratio in the
region of the nuclear envelope. Fig. 3B shows time resolved

measurements of [Ca21]ER in R6 cells incubated in calcium-free
medium and stimulated with TG (1 mM) and ionomycin (1 mM)
to completely deplete intracellular Ca21 stores. The cameleon
fluorescence ratio was markedly lower in R6 cells expressing
hBcl-2 or mBcl-2, as compared with control cells. Note, however,
that the residual f luorescence level after complete depletion of
ER-type Ca21 stores by TG and ionomycin were comparable in
all three cell lines, confirming that the difference in fluorescence
ratio was indeed caused by a different [Ca21]ER. The difference
was not because of a nonspecific alteration in cameleon fluo-
rescence, as the dynamic range of the signals (RmaxyRmin, mea-
sured at steady-state to allow equilibration of the pH gradients,
see below) were comparable in control and Bcl-2 overexpressors
(Fig. 3B). However, a pH difference could possibly account for
part of the observed effect, as the Cam4-ER used in this study
belongs to the first generation of cameleon probes designed with
a pH-sensitive EYFP (S65GyS72AyT203Y) (32). Indeed, pH
effects were evident during calibration with EGTA as Ca21yH1

exchange by ionomycin caused a transient drop in fluorescence
ratio (Fig. 3B). Because Bcl-2 has been reported to alter or
regulate proton fluxes in mitochondria (35), a lower ER pH
could explain the lower ratio observed in Bcl-2 overexpressors.
To investigate this possibility, we exploited the pH sensitivity of
the cameleons to measure ER pH, by directly monitoring the
EYFP fluorescence of Cam4-ER (480-nm excitation, 535-nm
emission). In this condition, Ca21-dependent fluorescence res-
onance energy transfer does not occur and the probe reports pH
instead of Ca21 changes. Accordingly, large f luorescence
changes were observed on exposure of cells to NH4Cl (data not
shown) or to the H1yK1 ionophore nigericin (Fig. 4A), con-
firming that the probe adequately reported organellar pH. Fig.
4 shows that the pH of the ER was similar in control and hBcl-2
overexpressing cells, both under basal conditions and after
depletion with TG and ionomycin. Indeed, although exchange of

Fig. 2. Bcl-2 reduces the amount of releasable Ca21 from intracellular stores.
(A) [Ca21]c trace in control and Bcl-2-expressing A20 cells in response to 100 nM
TG. (B) Peak [Ca21]c increase in response to 100 nM TG in control and Bcl-2-
expressing A20 cells. (C) [Ca21]c trace in control and Bcl-2-expressing A20 cells
in response to 100 nM ionomycin. (D) Peak [Ca21]c increase in response to 100
nM ionomycin in control and Bcl-2-expressing A20 cells. (E) [Ca21]c traces in
control R6 cells and R6 cells expressing hBcl-2 or mBcl-2, in response to 100 nM
TG. (F) Peak Ca21 increase in response to 100 nM TG in control R6 cells and R6
cells expressing hBcl-2 or mBcl-2 (the initial short-lasting upstroke seen in
R6-hBcl-2 cells is pipetting artifact). Data shown in B, D, and F are mean 6 SEM
from four independent experiments.

Fig. 3. Bcl-2 reduces the free Ca21 concentration within the ER. (A) Mea-
surements using ER-targeted cameleon. (Upper) Single wavelength cameleon
fluorescence (emission 535 nm) of control and hBcl-2-expressing HEK-293 cells,
showing the reticular pattern typical of the ER. (Lower) Corresponding emis-
sion ratio images of the same cells (535y475 nm), thresholded to extract the
region of interest that were spatially averaged to yield [Ca21]ER values. (B)
Time course of spatially averaged Cam4-ER ratio fluorescence in control R6
cells, and R6 cells expressing hBcl-2 or mBcl-2. Cells were incubated in Ca21-
free medium and stimulated with TG (1 mM) and ionomycin (iono) (1 mM) to
completely deplete intracellular Ca21 stores. The calibration procedure sys-
tematically performed at the end of each experiment is shown to illustrate the
dynamic range (RmaxyRmin) of the probe. (C) Basal [Ca21]ER values (mean 6
SEM) in control R6 cells versus hBcl-2 and mBcl-2 stable transfectants, as well
as in control and Bcl-2-transfected HEK-293 cells. Measurements of [Ca21]ER

were made 3–4 days after transfection with Cam4-ER (R6 cells) or Cam4-ER
plus Bcl-2 or control vector (HEK-293 cells). Results are derived from three
independent experiments. *, P , 0.05; **, P , 0.0002.
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luminal Ca21 for external H1 by ionomycin caused a slight
acidification of the ER, no significant difference in ER pH was
observed between control and Bcl-2 overexpressing cells that
could account for the differences observed in Ca21 measure-
ments (Fig. 4 A and B). Thus, the expression of either hBcl-2 or
mBcl-2 lowers the free Ca21 concentration within the ER.

The Bcl-2-Induced Decrease in [Ca21]ER Is Not Secondary to an In-
creased Mitochondrial Ca21 Uptake. An increased Ca21 pumping by
mitochondria might account for a decreased ER Ca21 content.
We therefore investigated the effect of the mitochondrial inhib-
itor carbonyl cyanide m-chlorophenylhydrazone (CCCP). Fig. 5
A and B show experiments investigating the effect of CCCP in
control and Bcl-2-expressing A20 cells loaded with fura-2. In
control cells, the addition of CCCP induced a small, but repro-
ducible, Ca21 release. In Bcl-2-expressing cells, there was clearly
no Ca21 release in response to CCCP, ruling out an increased
mitochondrial Ca21 uptake in Bcl-2-expressing cells. To inves-
tigate whether the inhibition of mitochondrial Ca21 uptake led
to changes in the content of ER-type Ca21 stores, we added
ionomycin 5 min after CCCP. The decreased amount of intra-
cellularly stored Ca21 in Bcl-2-expressing cells was also observed
in cells pretreated with mitochondrial inhibitor. Thus, mitochon-
drial Ca21 uptake does not account for the decreased Ca21 store
content in Bcl-2-expressing cells.

To further analyze the influence of Bcl-2 on the intracellular
Ca21 distribution, we measured the [Ca21]c changes during
sequential additions of TG, CCCP, and ionomycin (Fig. 5). The
results showed that TG-induced Ca21 release was markedly
reduced in Bcl-2-expressing cells. These results are similar to the
effect described above with CCCP alone. The effect of CCCP
was similar (although of slightly lower amplitude) after TG
addition (Fig. 5 C and E) as compared with the addition of CCCP
alone (Fig. 5A). Interestingly, the amount of ionomycin-
releasable Ca21 in Bcl-2-expressing cells was reduced even after
addition of TG and CCCP, i.e., after depletion of typical
ER-type Ca21 stores and mitochondrial Ca21 stores (Fig. 5 C and

E). Thus, the Bcl-2-induced decrease in Ca21 content was not
restricted to compartments which are loaded by sarcoyER
Ca21-ATPases (SERCA)-type Ca21 pumps. Note that this ob-
servation makes it unlikely that an alteration of SERCA pumps
is the mechanism of Bcl-2-induced decrease in Ca21 store
content.

Bcl-2 Enhances the Ca21 Permeability of the ER. To study the Ca21

permeability of the ER membrane, we analyzed the kinetics of
TG-induced Ca21 store-depletion. For this purpose, ionomycin
was added at defined time intervals after TG addition, and the
[Ca21]c increase was compared with the response obtained with
concomitant addition of TG and ionomycin (5 100% Ca21 store
content). As expected from the results of Fig. 2, the total amount
of Ca21 released in response to the concomitant addition of TG
and ionomycin was decreased in Bcl-2-transfected cells. More
importantly, however, the kinetic of Ca21 release was markedly
accelerated in Bcl-2-transfected cells (Fig. 6C): 1 min after TG
addition, 60% of the total amount of Ca21 was released in
Bcl-2-transfected cells, whereas only 30% was released in control
cells. A monoexponential fit to the data of Fig. 6C revealed that
the time constant of TG-induced Ca21 release was two times
faster in Bcl-2-expressing cells (Fig. 6D). Thus, Bcl-2 expression
increases the Ca21 permeability of the ER membrane.

Fig. 4. Bcl-2 overexpression does not affect the pH of the ER. ER pH was
measured by directly exciting at 480 nm the pH-dependent EYFP contained
within the cameleon probe and measuring its fluorescence emission at 535
nm. HEK-293 cells cotransfected with Cam4-ER and hBcl-2 or control vector
were used. (A) Time-course experiment showing the effect of TG and iono-
mycin (iono) on ER pH and the subsequent calibration with 130 mM KCl 1 10
mM nigericin (nig) at pH 7.6 and 6.3. (B) pH values measured in the ER of control
and hBcl-2 overexpressing cells, in basal condition and after store depletion
with TG (1 mM) and ionomycin (1 mM). Data are mean 6 SEM (n 5 5) from two
independent experiments in each condition.

Fig. 5. Mitochondria and TG-insensitive Ca21 pools in Bcl-2-expressing cells.
(A) Typical [Ca21]c traces of cells sequentially exposed to the mitochondrial
inhibitor CCCP (1 mM) followed by ionomycin (iono) (100 nM). (B) Peak [Ca21]c

after addition of CCCP or solvent control (left bars) and after subsequent
addition of ionomycin (right bars); mean 6 SEM of three independent exper-
iments. (C and E) Typical [Ca21]c trace in cells sequentially exposed to TG (100
nM) for 0 min, CCCP (1 mM) for 5 min or 10 min, and ionomycin (100 nM) at 10
min or 15 min. (D and F) Peak [Ca21]c after addition of CCCP (left bars) and after
subsequent addition of ionomycin (right bars) to cells previously exposed to
TG at t 5 0. The time between TG and ionomycin addition was 5 min or 10 min
for D and F, respectively.
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Bcl-2 Enhances Unstimulated Ca21 Influx and Elevates Basal Ca21

Concentration. Store-operated Ca21 influx is activated through a
decrease in [Ca21]ER. We therefore reasoned that Bcl-2 might
lead to an enhanced Ca21 influx, independently of activation of
cell surface receptors. Indeed, when Bcl-2-expressing A20 cells
were incubated in a Ca21-free medium and subsequently Ca21

was added, a relatively large Ca21 influx could be detected
(170 6 29.6 nM increase), whereas only a small background
influx (57.3 6 9.2 nM increase) was seen in control cells (Fig. 7
A and D). This unstimulated Ca21 influx in Bcl-2-transfected
cells is most likely caused by the Bcl-2-induced store-depletion
and thus to store-operated Ca21 influx. Consistent with this
concept, there was no additivity between TG and Bcl-2: TG-
induced Ca21 influx (i.e., maximal store-operated Ca21 influx)
(Fig. 7 B and E). Actually, there was a small, but consistent,
decrease in TG-induced Ca21 influx in Bcl-2-expressing cells.
The enhanced Ca21 influx in unstimulated cells should have as
a consequence an increased basal [Ca21]c when cells are kept in
a Ca21-containing medium. And indeed, when cells were kept
under steady-state conditions in a Ca21-containing medium, the
average cytosolic-free Ca21 concentration was higher in Bcl-2-
expressing cells than in control cells (Fig. 7C).

Discussion
In this study, we analyzed the effect of the antiapoptotic protein
Bcl-2 on ER-type Ca21 stores. We demonstrate that Bcl-2
decreases the free Ca21 concentration within the ER through a
mechanism that involves an increased permeability of the ER
membrane. This effect of Bcl-2 appears to be a general feature,
as it is observed in different cell types and with Bcl-2 from
different species.

Mechanisms of Bcl-2-Induced Decrease in [Ca21]ER. Our results sug-
gest that an increase in the ER Ca21 store permeability mediates
the decrease in [Ca21]ER. Two mechanisms might account for
this increased Ca21 permeability of the ER membrane: (i) an
increase in number or activity of preexistent ER Ca21 channels
(in particular Ins(1,4,5)P3 receptor), or (ii) a formation of an ER
conductance by Bcl-2. Bcl-2 clearly is an ion channel (21, 22). For
this reason we favor the hypothesis that the increased ER
conductance is directly due to the Bcl-2 channel. However,
although presently available data suggest that the Bcl-2 channel
is selective for cations over anions (in particular K1 over Cl2; ref.
21), it is not clear to which extent the channel conducts divalent
cations. Thus, the alternative possibility of a Bcl-2 activation of
an endogenous Ca21 conductance should also be considered.

Relationship Between This Study and Previous Results. When review-
ing the literature concerning the observed effects of Bcl-2 on
Ca21 signaling, we realized considerable discrepancies and con-
tradictions (22–25, 36–38). Note however that all these studies
have indirectly deduced [Ca21]ER from [Ca21]c measurements.
Thus, only direct measurements of [Ca21]ER provide reliable
information about the Ca21 content of the ER.

[Ca21 ]ER and Apoptosis: What Is the Connection? The Ca21 ion is one
of the most important and versatile intracellular messengers in
eukaryotic cells. [Ca21]c elevations may not only activate a
variety of cellular functions, but may also induce apoptosis or,
paradoxically, even prevent apoptosis (reviewed in the introduc-
tion of ref. 39). A biphasic mechanism, where moderate [Ca21]c
elevations are antiapoptotic (40), but excessive [Ca21]c eleva-
tions are proapoptotic represents a reasonable working hypoth-
esis at this point. [Ca21]ER also plays a complex role in the
regulation of various cellular functions, from the regulation of
store-operated Ca21 influx (41), to the regulation of ER protein
folding and chaperone interaction (42), gene expression (43–45),
and regulation of nuclear pore opening (46). Concerning the role
of [Ca21]ER in the regulation of apoptosis, an apparent paradox,
similar to the one observed with [Ca21]c, exists. TG-induced

Fig. 6. Bcl-2 increases the permeability of ER-type Ca21 stores. TG (100 nM)
was added at time 0 min, and ionomycin (iono; 10 mM) was added either
concomitantly with TG, or at later time points (1 min, 2 min, 3 min, 4, min, 5
min). (A and B) Typical experiments showing [Ca21]c elevations in control and
Bcl-2-transfected cells, respectively; four traces with ionomycin addition at
different time points are superimposed to facilitate comparison. (C) Ionomy-
cin-releasable Ca21 (expressed as % of the initial peak [Ca21]c) is plotted as a
function of time after TG addition. (D) Time constant (t) of Ca21 store deple-
tion, calculated for control and Bcl-2-transfected cells by fitting a mono-
exponential decay function to the data of C. Results shown in C and D are
mean 6 SEM of four independent experiments.

Fig. 7. Bcl-2 increases unstimulated Ca21 influx and basal [Ca21]c. (A and B)
Cells were suspended in a Ca21-free medium, and 1 mM Ca21 was added to the
medium after 5-min baseline recording. (A) Typical experiments showing
[Ca21]c elevations in control and Bcl-2-transfected cells without cellular stim-
ulation. (B) Typical experiments showing [Ca21]c elevations in control and
Bcl-2-transfected cells after TG stimulation. (C) Basal [Ca21]c of cells main-
tained in Ca21-free medium or in Ca21-containing medium; mean 6 SEM of
four independent experiments. (D) Statistical analysis of experiments as
shown in A. (E) Statistical analysis of experiments as shown in B.
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massive Ca21 store depletion may induce cell death (47). How-
ever, recent results suggest that Ca21 stored within the ER may
also be the cause of apoptosis, as it is the source for Ins(1,4,5)P3-
dependent Ca21 spikes which lead to Ca21-dependent activation
of the mitochondrial transition pore (39). A moderate decrease
in [Ca21]ER, as observed in response to Bcl-2 expression, would
therefore be expected to have an antiapoptotic effect. Thus, the
Bcl-2-induced lowering of [Ca21]ER might decrease directly the
Ca21 activation of the mitochondrial transition pore. However,
as [Ca21]ER has many distinct cellular effects (see above), other
explanations have to be considered, such as alterations of
nuclear import, protein folding, or gene expression. Finally,
given the known antiapoptotic effects of moderate [Ca21]c

elevations (40) and store-operated Ca21 influx (48, 49), the
Bcl-2-induced increase in unstimulated Ca21 influx and eleva-
tion of basal [Ca21]c (Fig. 7) are good candidates to be involved
in its antiapoptotic activity.

Note Added in Proof. A recent publication using ER-targeted aequorin
also concludes that Bcl-2 decreases [Ca21]ER.
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